Introduction
============

Apoptosis as a form of programmed cell death is a critical component of normal physiological processes such as immunity, embryogenesis and post-natal tissue development \[[@b1]\]. Regulation of apoptosis is essential for an organism\'s tissue homeostasis, while in human beings its dysregulation often correlates with pathological conditions such as carcinogenesis, myocardial ischemia, stroke, neurodegenerative diseases and acquired immune deficiency syndrome \[[@b2]\].

The cellular features of apoptosis are now well characterized and include loss of membrane attachment and symmetry, membrane blebbing and cytoplasmic and nuclear condensation. Intercommunicating molecular pathways \[[@b9]\] in human cells culminate in the activation of DNA fragmentation factor DFF-40/45 \[[@b10]\] and resultant internucleosomal cleavage of genomic DNA, visualized as a DNA 'ladder' by gel electrophoresis. The fact that DNA fragmentation is a terminal stage in the apoptotic process stamps it as a reliable indicator and an accepted hallmark of apoptosis \[[@b11]\].

Though apoptosis occurs *in vivo* and can be elevated in certain pathologies, the proportion of the genome that becomes fragmented over a given time is typically undetectable by elec-trophoresis. Using one form of ligation-mediated polymerase chain reaction (LM-PCR \[[@b18]\]), Staley *et al.*\[[@b15]\] detected apoptotic fragmentation in a wide range of invertebrate and vertebrate tissues. A sensitive assay not only detecting but quantifying this phenomenon would have value both in monitoring and understanding further the contribution of apoptotic dysregulation to disease processes. One aim here is to convert and validate LM-PCR for apoptosis quantification.

In HIV patients, highly active antiretroviral therapy (HAART) with nucleoside reverse transcriptase inhibitors (NRTIs) leads to serious and persistent toxicities including subcutaneous fat wasting (lipoatrophy) \[[@b19]\] and peripheral neuropathy \[[@b21]\]. Lipoatrophy is particularly associated with exposure to stavudine \[[@b19]\], a drug that is pro-apoptotic *in vitro* and *in vivo*\[[@b22]\]. The pathology of lipoatrophy in HIV patients includes increased adipocyte apoptosis \[[@b23]\]. One mechanism proposed for the elevated apoptosis seen in adipocytes is the interference of the mitochondria\'s role in apoptosis regulation by nucleoside analogue drugs inhibiting mitochondrial polymerase γ, an effect shown *in vitro*\[[@b24]\]. However, any link between NRTI toxicities in HIV patients and apoptosis in other tissues has not been well studied, and may be complicated by the pro-apoptotic effects of HIV itself \[[@b25]\]. Our aim here then is to investigate further the drug toxicities in HIV patients on HAART by applying LM-PCR to peripheral blood mononuclear cell (PBMC) genomic DNA from HAART-exposed and HAART-naïve patients from whom comprehensive clinical data are available. The development of LM-PCR as an apoptosis quantifier and its application here demonstrates its investigational potential for basic and clinical science.

Materials and methods
=====================

Cells and genomic DNA
---------------------

PBMCs were collected at 6-month intervals from patients involved in a 2-year cohort study investigating the toxicity of antiretroviral therapies. This study was approved by the local Human Research and Ethics Committee and all subjects gave written, informed consent to participate. PBMCs from clinical samples were purified by Ficoll density gradient centrifugation (Invitrogen, Melbourne Australia; Amersham Biosciences, Uppsala, Sweden), solubilized in phosphate-buffered saline (PBS) with 0.4% sodium dodecyl sulphate (Amresco, OH, USA) and stored at −80°C. PBMCs used in validation experiments were purified from HIV-seronegative buffy coats packs by Ficoll density gradient centrifugation, cultured at 2 × 10^6^ cells/ml and phytohaemagglutintin (Sigma-Aldrich, Castle Hill, Australia)-stimulated for 48 hrs in RPMI 1640 (Invitrogen), supplemented with 10% foetal bovine serum (batch tested for PBMC growth; Invitrogen) 1 U/ml penicillin and streptomycin (Invitrogen), 2 mM L-glutamine (Invitrogen) and 20 U/ml interleukin-2 (Roche, Sydney, Australia). Cultured Jurkat cells for validation experiments were grown at 1 × 10^6^ cells/ml in RPMI 1640 supplemented with 10% foetal bovine serum, 1 U/ml penicillin and streptomycin and 2 mM L-glutamine. Genomic DNA was prepared from the above cell sources with Qiagen QIAamp DNA mini kits (Qiagen, Melbourne, Australia) and quantified spectrophotometrically in a Biophotometer (Eppendorf, Hamburg, Germany).

LM-PCR
------

LM-PCR \[[@b18]\] followed the procedure of Staley *et al.*\[[@b15]\] with modifications, and targeted the blunt-ended oligonucleosomal fragments of genomic DNA generated during apoptosis \[[@b11]\]-- see [Fig. 1](#fig01){ref-type="fig"}. Genomic DNA was precipitated with 3 M sodium acetate pH 5.3 (Merck, Kilsyth, Victoria, Australia) and 100% ethanol (Merck), pelleted, washed and dried following established protocols \[[@b28]\] and redissolved in 10 mM Tris-HCl pH 8.0 (Reagent Organics, OH, USA) 0.5 mM ethylene diamine tetra-acetic acid (Pierce, IL, USA) (T\[E/2\]') to 23.2 ng/μJ.

![LM-PCR steps for the amplification of blunt-ended target DNA. Modified from Staley *et al.*\[[@b15]\]. Blue boxes: single strands of target DNA; yellow boxes: 12mers; red and orange boxes: 24mers and their synthesized complement respectively. Modification involves an additional 94°C commencement step causing dissociation of Taq polymerase/Taq antibody complex and resultant activation of Taq polymerase and removal of 12mers, such that upon subsequent cooling to 72°C target DNA renatures without re-annealing of 12mers. Amplification is also given an additional single step for 15 min. at 72°C at the end of cycling to improve the level of complete synthesis by Taq polymerase.](jcmm0013-0948-f1){#fig01}

A 12-μl annealing/ligation mixture was prepared containing genomic DNA at 16.7 ng/μJ, 24mer and 12mer unphosphorylated oligonucleotide linkers (\[[@b15]\]; synthesized by Operon Biotechnologies, Cologne, Germany; [Table 1](#tbl1){ref-type="table"}) both at 20 pmol/μJ, 50 mM Tris-HCl pH 7.6, 10 mM MgCl~2~, 1 mM adenosine triphosphate (ATP), 1 mM dithiothreitol (DTT) and 5% polyethylene glycol (Invitrogen).

###### 

Oligonucleotides for LM-PCR

  Oligonucleotide   Length   Sequence 5′ to 3′
  ----------------- -------- --------------------------
  LMPCR1            24       AGCACTCTCGAGCCTCTCACCGCA
  LMPCR2            12       TGCGGTGAGAGG
  LK46              24       GCTGTGTTTGCGTCTCTCCCAGGA
  LK47              24       CTCACAGCCCTGTGCCTCTTCTTC

In this cocktail, the 24mer and 12mer were annealed to form bluntended partially double-stranded linkers by stepwise cooling from 55°C to 15°C in 5°C/8 min. increments then 10°C/20 min., employing a model PTC 200 DNA Engine (MJ Research, MA, USA). At the 10-min. point of 10°C the program was paused and 1.2 U T4 DNA ligase (Invitrogen, diluted to 1 U/μl in 200 mM Tris-HCl pH 7.6, 40 mM MgCl2, 2 mM ATP and 4 mM DTT) was added, mixed and the temperature continued for 10°C/10 min. then ramped to 16°C/16 hrs for ligation to proceed.

After diluting the annealing/ligation reactions to 5 ng/μl DNA with T\[E/2\], 25 μl LM-PCR reactions were prepared containing 1.5 ng/μl DNA from the diluted annealing/ligation reaction, additional 24mer at 1.25 pmol/μl, 1× Taq DNA polymerase buffer (67 mM Tris-HCl pH 8.8, 16.6 mM \[NH~4~\]~2~SO~4~, 0.45% Triton X-100, 200μg/ml gelatin; Fisher Biotech, Thebarton, Australia), 320 μM (each) dATP, dTTP, dGTP, dCTP, 2 mM MgCl~2~ and 0.1 U/μl Taq polymerase (Fisher Biotech) as a Taq-antibody complex allowing a PCR hot-start. The Taq-antibody complex was prepared with 'Jumpstart' Taq antibody (Sigma-Aldrich, MO, USA) according to instructions, generating a complex at 0.83 (Taq)U/μl. LM-PCR reactions were heated in a DNA Engine to 94°C for 1 min. to activate Taq polymerase and remove 12mers, then ramped to 72°C for 4 min. to re-anneal the target DNA and generate complimentary sequence to the ligated 24mers. PCR then proceeded over 24 cycles (cultured cells) or 30 cycles (clinical sample PBMCs) of 94°C for 1 min. followed by annealing/extension at 72°C for 3 min., then completed with a single 72°C for 15 min. extension.

Though each LM-PCR reaction used comparable nanogram amounts of genomic DNA as starting material, more accurate sample-to-sample comparisons were generated by separate PCR reactions producing 239 bp amplicons specific to the single copy gene CCR5 \[[@b29]\]. Twenty-five microlitres 'CCR5' reactions comprised 1.5 ng/μl genomic DNA, 3 ng/μl each of primers LK46 and LK47 ([Table 1](#tbl1){ref-type="table"}), 1 x Taq polymerase buffer (as for LM-PCR), 320 μ (each) dATP, dTTP, dGTP, dCTP and 3.5 mM MgCl~2~. Reactions proceeded in a DNA Engine by initially heating to 94°C for 2 min., then 24 cycles (cultured cells) or 30 cycles (clinical sample PBMCs) of denaturation at 94°C for 30 sec., annealing at 60°C for 1 min., and extension at 72°C for 30 sec., and completed with a final extension at 72°C for 10 min.

After analytical 1.3% agarose gel electrophoresis of LM-PCR reactions and corresponding CCR5 reactions, inter-sample comparative quantitation was achieved by measuring trace quantity ethidium bromide fluorescence signals of 600 bp apoptotic bands relative to trace quantities of their respective CCR5 amplicons using a Gel-Doc imager and Quantity One software (Bio-Rad Laboratories, Gladesville, New South Wales, Australia). This ratio was designated the LM-PCR value.

Controls
--------

The target DNA for a positive LM-PCR reaction control consisted of a 396 bp blunt ended Pvu II fragment isolated from pT7T319U (a derivative of pUC19, Pharmacia Biotech, Uppsala, Sweden; \[[@b30]\]). Negative LM-PCR and CCR5 PCR controls were PCR-grade H~2~O. Comparative quantitation of LM-PCR values was controlled from gel to gel for variations in ethidium bromide gel staining, destaining and photographic exposure, by reference to the sum trace quantities of 1000 bp, 850 bp, 650 bp and 500 bp bands from the molecular weight markers '1 Kb Plus DNA Ladder' (Invitrogen Victoria, Australia) loaded on all agarose gels in equal amounts. Digital exposures were below the level of pixel saturation. To control for possible variations in LM-PCR product yield due to different Taq polymerase and Taq antibody batches, test samples on each gel were co-electrophoresed with three standards yielding low, mid and higher LM-PCR values. The sum of these standards for each gel were referenced back to the LM-PCR values of the same standards run using initial batches, and test LM-PCR values adjusted accordingly.

Measurement of apoptosis in cells exposed to staurosporine
----------------------------------------------------------

PHA-stimulated PBMCs grown to log phase in the presence of 20 U/ml interleukin-2, and log-phase Jurkat cells, formed cultures that were separately exposed to staurosporine over time. In parallel, cells at 10^6^/ml were incubated with 0, 0.1 or 0.5 μM staurosporine (Sigma-Aldrich, Castle Hill NSW, Australia) \[[@b31]\] with cells removed and processed at 0, 1, 2, 3, 4 and 5 hrs. Three experiments for apoptosis measurement were then performed on the one cell pool at each time-point.

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling/flourescence-activated cell sorting (TUNEL/FACS)
-----------------------------------------------------------------------------------------------------------------------

At each time-point 6 ml cells were collected, washed twice with PBS and resuspended in 300 μl PBS **+** 1% foetal bovine serum (PBMCs) or PBS (Jurkat cells) to 2 **×** 10^7^ cells/ml for triplicate 100 μl cells per microw-ell. TUNEL procedure for cell suspensions followed the In Situ Cell Death Detection Kit, Flourescein (Roche, Mannheim, Germany) with the following modifications: after pelleting cells in wells, supernatant was aspirated and cells gently resuspended in 100 μl / well of fixation/permeabilization solution (Cytofix/Cytoperm kit, BD Biosciences/ Pharmingen, CA, USA). After incubation for 20 min. at 4°C, cells were washed at this and subsequent wash stages two times at room temperature with perm/wash buffer (Cytofix/Cytoperm kit). After final washes cells were resuspended in 250 μl/well 1% paraformaldehyde in PBS stored 4°C in the dark for up to 12 hrs and analysed by FACS at excitation 488 nm, detection 530 nm using a BD FACScan (BD Biosciences). At each measurement at least 10,000 events (PBMCs) or 15,000 events (Jurkat cells) were sorted.

Active caspase-3/ELISA
----------------------

For each time-point 6 ml cells were harvested, washed twice with PBS, resuspended and solubilized in 500 μl cell lysis buffer (BD Pharmingen) and stored at −80°C. Separate aliquots of lysate were also stored at −80°C prior to protein estimation (in duplicate) using the Bio-Rad DC protein assay (Bio-Rad Laboratories). The ELISA followed BD Pharmingen\'s procedure in the 'human active caspase-3 ELISA pair technical data sheet', incorporating the pre-optimized components of purified mouse anti-human caspase-3 monoclonal capture antibody, purified rabbit anti-active caspase-3 monoclonal detection antibody, goat anti-rabbit horse radish peroxidase polyclonal antibody and tetramethylbenzidine substrate solution. Optical density measurements were confirmed in the linear range by performing duplicate reactions of 3 dilutions of lysate for each time-point. Modifications included blocking with 300 μl assay diluent (BD Pharmingen) per well and using a working dilution of horse radish peroxidase antibody at 1 in 2500. Blank consisted of assay diluent alone. Final optical density figures were obtained by first correcting OD~450~ nm by subtracting OD~570~ nm for all wells including blank, then subtracting corrected blank from corrected test samples.

LM-PCR
------

A total of 1.5 ml of cells at each time-point was washed once with PBS, resuspended in 200 μl PBS and stored at −80°C. Genomic DNA was then purified and subjected to LM-PCR. Three independent sets of anneal-ing/ligation reactions, 24-cycle LM-PCR reactions and 24-cycle CCR5 reactions were completed for all time-points.

In order to more accurately compare LM-PCR values in this time course to active caspase-3 levels by ELISA, we converted LM-PCR values to fold-difference apoptotic fragmentation by first constructing an LM-PCR reference curve ([Fig. 4](#fig04){ref-type="fig"}). To construct this curve we diluted genomic DNA from one high-level LM-PCR value PBMC sample (LM-PCR value ∼10) generating known graded amounts of 800, 400, 200 (the standard input amount), 100, 80, 60, 40, 20, 10, 5 and 2 ng in 12-μl annealing/ligation reactions. This range represented a 400-fold difference in apoptotic fragmentation. Mean LM-PCR values were generated from quadruple reactions for each dilution.

![To convert LM-PCR values to fold-difference fragmentation, a reference curve was constructed with LM-PCR values as a function of amount of genomic DNA in annealing/ligation reactions. The curve\'s value is based on the premise that because exactly the same sample has been used in all dilutions, the fold difference \[amount genomic DNA\]**=** fold difference \[amount apoptotic DNA\]. Genomic DNA from one high-level LM-PCR value PBMC sample (LM-PCR value ∼10) was diluted to amounts of 800, 400, 200 (the standard input amount), 100, 80, 60, 40, 20, 10, 5 and 2 ng in 12-μl annealing/ligation reactions, and target DNA LM-PCR amplified over 24 cycles. Mean LM-PCR values were generated from quadruple reactions for each dilution. Error bars **+**/**−**1 S.D. Inset: same graph but with a restricted number of points showing near-linear correlation over a 50-fold range similar to the range seen with in vivo samples.](jcmm0013-0948-f4){#fig04}

Statistical analysis
--------------------

All statistical analyses were undertaken using Stata 9.2 (StataCorp, College Station, TX, USA). The tests used for each data set are described with the results.

Results
=======

LM-PCR 'value', optimization, reproducibility and dynamic range
---------------------------------------------------------------

Employing trace quantity measurement of electrophoresed bands, we converted LM-PCR into a tool for quantification by dividing the 600 bp amplicon ([Fig. 2A](#fig02){ref-type="fig"}) of apoptosis into an amplicon formed by PCR of a single-copy 'house-keeping' gene (in this case, the CCR5 gene). Designated the LM-PCR value, this ratio reflected the amount of apoptosis per unit of standardized input genomic DNA, allowing comparative quantification.

###### 

(**A**) Example of apoptotic amplicons after LM-PCR, and resulting trace, with corresponding amplification of the 239 bp CCR5 amplicon. Trace quantity accounts for pixel number and intensity across the breadth and depth of amplicon populations. (**B**) Trace quantities of LM-PCR -amplified 600 bp apoptotic fragments plotted against the sum trace quantities of 400, 600 and 800 bp apoptotic fragments, using target DNA from 137 different PBMC genomic DNA preparations. *R*^2^**=** 0.99 indicating very strong correlation between 600 bp trace quantities and the sum quantities of 400, 600 and 800 bp.

![](jcmm0013-0948-f2a)

![](jcmm0013-0948-f2b)

The linkers designed for LM-PCR can amplify any blunt ended and possibly non-apoptotic fragment, and the background signal after LM-PCR can reveal non-oligonucleosomal sized fragments of broad random length. In order to confine measurement to a defined product of apoptosis, the discrete oligonucleosomal-sized populations were made the target for measurement. Gaussian modelling was not possible due to the shape and close proximity of apoptotic bands. Trace quantification was however highly reproducible. In our hands LM-PCR routinely generated a ladder from 200 to 1400 bp, a realistic representation of non-amplified apoptotic laddering. However, 200 bp exhibited highly variable inter-sample yields while levels diminished from 1000 bp and higher. The most robust and reproducible yields were observed at 400, 600 and 800 bp. The 600 bp band was at or near the peak of intensity levels and unlike the 400 bp band its trace was not occasionally merged with non-specific PCR product migrating near that region of the gel; it was therefore chosen as the band of choice for trace quantity measurement. Trace quantities of 400, 600 and 800 bp bands were totalled for 137 different LM-PCR reactions and plotted against 600 bp trace quantities for the same reactions ([Fig. 2B](#fig02){ref-type="fig"}). R **=** 0.99, indicating the 600 bp band is a precise indicator of the intensity of amplified apoptotic fragmentation.

An anti-Taq antibody allowed multiple concurrent hot-start samples with better reproducibility than manual tube-by-tube addition \[[@b15]\] of Taq polymerase, and adapted LM-PCR for clinical investigation where large samples numbers are often screened. Disadvantages included a slightly but consistently reduced yield and the limitation to Taq polymerase, the only enzyme neutralized by this monoclonal antibody -- though other higher fidelity and higher processivity poly-merases (KlenTaq, Sigma; KODHotstart, Novagen; Immolase, Bioline) failed to generate amplified ladders in this system (data not shown).

A critical parameter for LM-PCR in its present form is that the target DNA be at least predominantly blunt ended \[[@b15]\]. Subsequent studies however have suggested that the active form of DFF-40, the endonuclease believed to be primarily responsible for internucleosomal cision, generates both 5′-phosphorylated blunt ends and ends with single 5**'** overhangs with approximately equal frequency \[[@b34]\] (their [Fig. 2](#fig02){ref-type="fig"}). However, cleavage in this system derived not from the action of DFF-40 *in vivo* but from purified DFF-40 acting on plasmid restriction fragments in vitro. Considering nevertheless the possibility that the proportion of blunt and single base 5′-overhanging ends may vary in different systems, we designed new 13mers to replace the 12mers allowing single base cohesive end ligation to target DNA with 5′-over-hangs, thus aiming to improve LM-PCR\'s ability to detect a greater proportion of apoptotic products. Adding the 13mers 50:50 with 12mers, we then proportioned them in LM-PCR reactions according to the relative frequency of purines and pyrimidines around the general site recognition sequence \[[@b34]\]. However, this failed to improve the yield of LM-PCR product, supporting Staley *et al.*\'s observation.

To assess across a range of LM-PCR values the influence on reproducibility of the processes of scaled-down (12 μl) anneal-ing/ligation reaction volumes, gel sample loading and trace quantity measurement of both LM-PCR and CCR5 reactions,

LM-PCR reactions were generated from the PBMCs of two different blood samples, each reaction electrophoresed repeatedly on its own gel and trace quantities measured to generate multiple LM-PCR values. Sample 1: *n***=** 15, mean **=** 1.33; sample 2: *n***=** 15, mean **=** 2.40. The intraclass correlation coefficient (ICC, a measure of data consistency with a theoretical maximum value of 1) **=** 0.95 and the S.E.M. **=** 0.12, indicating excellent intra-assay reliability. To assess the influence on reproducibility of the processes of gel electrophoresis, band detection and digital image capture, three clinical genomic PBMC DNA samples that generate low, medium and higher level LM-PCR values were electrophoresed together on 12 separate gels on different days. LM-PCR values were also highly consistent between assays: ICC **=** 0.97 and S.E.M. **=** 0.17.

We have observed a 17-fold range (0.49 to 8.46) for LM-PCR values generated from clinical sample PBMCs and a similar range (0.36 to 8.20, 22-fold; [Fig. 3E](#fig03){ref-type="fig"}) in Jurkat cell culture exposed to 0.5 μM staurosporine. This latter range translates to a ∼200-fold difference in apoptotic fragmentation as calculated from a reference curve ([Fig. 4](#fig04){ref-type="fig"}).

###### 

(**A**) Non-LM-PCR'd genomic DNA from buffy coat PBMCs was prepared as described for each time-point and staurosporine concentration, 300 ng per track electrophoresed on 1.2% agarose gels then stained with ethidium bromide and destained. M: molecular weight markers. Under these conditions, apoptotic fragments were not visible by electrophoresis for all time-points and all staurosporine concentrations. (**B** to **G**) Three experiments in two cell types to validate LM-PCR by comparing the protocol with other systems of quantifying apoptosis. Diamonds, triangles and circles define shifts in values due to 0, 0.1 and 0.5 μM staurosporine, respectively. Error bars not visible fall within the dimensions of the graph symbols. (**B**) Changes in PBMC TUNEL-posi-tivity with time as measured by FACS. Error bars are means **+**/**−**1 S.D., n **=** 3. (**C**) Changes in PBMC LM-PCR value with time. Error bars are means **+**/**−**1 S.D., *n***=** 3. (**D**) Changes in Jurkat cell TUNEL-positivity with time. Error bars are means **+**/**−**1 S.D., *n***=** 3. (**E**) Changes in Jurkat cell LM-PCR value with time. Error bars are means **+**/**−**1 S.D., *n***=** 3. (**F**) Changes in Jurkat cell active caspase-3 levels with time as measured by horse radish peroxidase ELISA. An aberrant low reading at *t***=** 4 hrs was due to loss of lysate only from those samples during ELISA. Error bars are means **+**/**−**1 S.D., *n***=** 2. (**G**) Mean LM-PCR values from (**E**) converted to fold difference apoptotic fragmentation using the reference curve of [Fig. 4](#fig04){ref-type="fig"}.
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Validation of LM-PCR: In parallel with accepted procedures for measuring levels of apoptosis, LM-PCR measures increasing apoptosis with increasing exposure of cells to staurosporine
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Utilising PBMCs and Jurkat cells we validated LM-PCR\'s ability to quantitatively compare apoptosis levels by comparing its measurement of apoptosis with apoptosis markers generated using two other accepted procedures, TUNEL \[[@b35]\] with measurement by FACS \[[@b36]\] and human active caspase-3 measurement by ELISA. TUNEL/ FACS measures fluorescence of flourescein-dUTP incorporated at DNA strand breaks. The active form of caspase-3, now a widely accepted marker for apoptosis \[[@b37]\], is quantified in cell lysates by horse radish peroxidase-mediated colorimetric change of the substrate tetramethylbenzidine. For each cell type, all apoptosis markers were measured from one cell pool at each time-point.

See [Fig. 3A--G](#fig03){ref-type="fig"}. [Figure 3A](#fig03){ref-type="fig"} reveals no visible fragmentation of non-LM-PCR'd PBMC genomic DNA at any time-point for all staurosporine concentrations, mimicking the typically low levels of fragmentation seen in clinical sample genomic DNA. TUNEL/FACS and LM-PCR clearly distinguished between 0, 0.1 and 0.5 μM staurosporine time courses in both cell types. Active caspase-3/ ELISA likewise distinguished these time courses in Jurkat cells, though was unable to quantify caspase levels in PBMCs due to high-level non-specific reactivity across multiple separately tested donors. The 0 μM staurosporine profiles confirmed that apoptotic elevation with 0.1 μM staurosporine is genuine and not attributable to a rise in basal apoptotic levels during cell culture incubation.

Though TUNEL/FACS documented a fairly linear elevation of strand breaks with time, it was less able than LM-PCR to distinguish between 0 and 0.1 μM effects: In PBMCs and Jurkat cells respectively the *fold-difference* TUNEL-positive cells by FACS between 0 and 0.1 μM values at 2 hrs was 2.0 and 1.6, rising to 4.4 and 4.4 by 5 hrs ([Fig. 3B--E](#fig03){ref-type="fig"}). Additionally, in both cell types, though the TUNEL/FACS 0.5 μM course showed clear elevation with time, it was less able than LM-PCR to distinguish between 0 and 0.5 μM apoptosis levels at *t***=** 1 to 2 hrs (PBMCs) and t **=** 1 hr (Jurkat cells) ([Fig. 3B-E](#fig03){ref-type="fig"}). In Jurkat cells, both LM-PCR and caspase-3/ ELISA were comparable in their ability to distinguish effects between 0 and 0.1 μM courses, both increasing their fold difference values from approximately 2.5 to 10 over 1 to 5 hrs ([Fig. 3E, F](#fig03){ref-type="fig"}).

In contrast to TUNEL, in Jurkat cells both LM-PCR and active caspase-3/ELISA measurements accelerated from between 1 and 2 hrs, reaching a plateau beyond the 3-hr mark ([Fig. 3E, F](#fig03){ref-type="fig"}). Both 0.1 and 0.5 μM curves exhibited this profile. Using a reference curve of LM-PCR value against fold-difference input DNA ([Fig. 4](#fig04){ref-type="fig"}), the mean LM-PCR values from this time course were converted to fold-difference fragmentation ([Fig. 3G](#fig03){ref-type="fig"}). The caspase and LM-PCR fold-difference profiles exhibited striking similarities; in particular there was an approximate 1:1 correlation between fold-differences fragmentation *versus* active caspase-3 levels, though LM-PCR may be more sensitive at detecting low apoptosis levels. The observation that both active caspase-3/ELISA and LM-PCR protocols produced this kind of response reflects the known correlation between activated caspase-3 levels and induction of DFF-40/45, the endonuclease responsible for internucleosomal cleavage of genomic DNA. This further validates the profile of LM-PCR as actually reflecting the progress of apoptosis in this time course, rather than an artefact of LM-PCR.

Application of LM-PCR: measuring and monitoring apoptosis and drug toxicity in HIV patients
-------------------------------------------------------------------------------------------

We applied LM-PCR to 105 PBMC samples collected from 27 comprehensively characterized HIV-1**^+^** individuals (aged 33--68 yrs) involved in a cohort study. Up to five samples per patient were collected at 6-month intervals. Nine patients were not on antiretroviral therapy at study entry, of whom five commenced HAART during follow-up. Eighteen patients entered study on treatment with HAART that included at least one of stavudine or didanosine (dNRTIs, drugs associated with a high degree of mitochondrial toxicity). Ten patients switched therapy to a dNRTI-sparing regimen and 8 patients remained on stable therapy. We examined associations between LM-PCR values, current drug exposures, clinical evidence of lipoatrophy (present in 12 patients, including two cases of incident lipoatrophy on study), as well as CD4^+^ T cell count, viral load and patient age. PBMC LM-PCR values ranged from 0.3 to 8.5 with a mean value of 2.2. Values were higher in samples collected during stavudine therapy (mean 3.0, *n***=** 39) than at other times (mean 1.8, n **=** 66, P **=** 0.0009, linear regression clustered by patient). Samples collected from patients on HAART including dual dNRTI displayed the highest PBMC LM-PCR results ([Fig. 5](#fig05){ref-type="fig"}). PBMC LM-PCR values were lower following cessation of dNRTI in the 10 patients who switched off these drugs during study (median 1.5 *versus* 2.1, *P***=** 0.05, Wilcoxon signed-rank test). We observed no associations between LM-PCR values and CD4^+^ T cell count, plasma HIV viral load or patient age (*P*\> 0.8 for all).

![LM-PCR values from 105 PBMC samples from 27 HIV-infected HAART+ and HAART- individuals. Samples collected at 6-month intervals with the following distribution: 30 samples collected while patients not on HAART, 27 collected during non-dNRTI HAART, 34 collected while on one dNRTI and 14 collected while on two dNRTI. Data here and in [Figs 6](#fig06){ref-type="fig"} and [7](#fig07){ref-type="fig"} are represented as box-and-stem plots, in which boxes represent the median values and the second and third quartiles, and stems extend to the 10th and 90th percentiles. Outliers not shown but included in calculations. Patients on one dNRTI had higher PBMC LM-PCR values compared with those not on HAART (P **=** 0.03, anova). Patients using two dNRTIs had the highest LM-PCR values (*P***\<** 0.0001 *versus* no HAART, anova).](jcmm0013-0948-f5){#fig05}

Associations between PBMC LM-PCR values and clinical evidence of lipoatrophy were also examined. Elevated results were seen in samples from patients with lipoatrophy compared with those without ([Fig. 6](#fig06){ref-type="fig"}). Moreover, *within* the group of patients on stavudine at sample collection, LM-PCR values were significantly higher in samples from patients with lipoatrophy than those without ([Fig. 7](#fig07){ref-type="fig"}). Increasing patient age \[[@b39]\] and use of stavudine \[[@b19]\] are known risk factors for lipoatrophy. Logistic regression modelling confirmed that increasing PBMC LM-PCR value is associated with lipoatrophy independent of these factors ([Table 2](#tbl2){ref-type="table"}).

![LM-PCR values obtained from 105 PBMC samples from 27 HIV-infected individuals. Samples collected at 6-month intervals with the following distribution: 47 samples collected from patients having lipoatrophy (2 collected while patients not on HAART, 45 while on HAART), 58 samples from patients without lipoatrophy (27 not on HAART, 31 on HAART). Results were higher in samples collected from individuals with clinical evidence of lipoatrophy than those without (mean 3.0 versus 1.6, P **=** 0.003, linear regression clustered by patient).](jcmm0013-0948-f6){#fig06}

![LM-PCR values from 42 PBMC samples collected from 22 patients currently using stavudine. Samples collected at 6-month intervals with the following distribution: 12 samples from patients without lipoatrophy, 30 samples from patients having lipoatrophy. Patients on stavudine have higher PBMC LM-PCR results if they have lipoatrophy (P **=** 0.015, linear regression clustered by patient).](jcmm0013-0948-f7){#fig07}

###### 

Increasing PBMC LM-PCR value is associated with lipoatrophy independent of patient age and use of stavudine

  Variable            Odds ratio   95% confidence interval   *P*-value
  ------------------- ------------ ------------------------- -----------
  Current stavudine   5.5          1.7--17.8                 0.004
  LM-PCR value        2.2          1.2--3.9                  0.007
  Age (years)         1.1          1.0--1.2                  0.09

Multiple logistic regression modelling confirms that increasing PBMC LM-PCR value is associated with lipoatrophy independent of patient age and use of stavudine. Overall model *P***\<** 0.001, *R*^2^**=** 0.29.

Discussion
==========

Though LM-PCR exists in various guises \[[@b18]\], we have developed one form of LM-PCR into a new apoptosis quantifier, showing it to be reproducible and at least as sensitive as other accepted apoptosis quantifiers. This work is important because LM-PCR can assist in monitoring disease processes and in understanding the role of apoptosis in certain pathologies. Using this molecular tool, we have shown significant associations between PBMC LM-PCR values, exposure to NRTIs and clinical NRTI toxicity. We are currently evaluating associations with LM-PCR results in larger cohorts to extend these findings.

This assay has some advantages over other apoptosis quantifiers. It obviates the repeated need for viable cells and in contrast works economically from a stable, consistent, easily stored, re-used and quantified form of one cell component -- genomic DNA. It generates a value from a defined component of a hallmark of apoptosis, internucleosomal fragmentation, in contrast to histological and non-histological forms of TUNEL where apoptotic and non-apoptotic strand breaks may not be distinguished \[[@b42]\]. LM-PCR may also have an advantage over histological forms of TUNEL \[[@b35]\] when assaying for apoptosis in cells with unusually low nucleus:cell volume ratio; in the case of histological sections of adipocytes the few nuclei in view challenges quantitation \[[@b43]\]. LM-PCR can be applied to virtually any cell type from which sufficient (ng) quantities of genomic DNA can be isolated. It is appropriate when translating this tool to clinical investigation that LM-PCR measures apoptosis in cell *populations* because this is pertinent to the observation and implications of systemic effects. Additionally, as shown here LM-PCR appears to be more sensitive than TUNEL/FACS and as capable as caspase-3/ ELISA at distinguishing different low levels of apoptosis, the kind of levels relevant to the clinical setting.

The sigmoid/plateau measurement profile observed here with both LM-PCR and active caspase-3 ELISA when measuring apoptosis in cell culture over time, has been observed by other investigators (BD Technical data sheet for human active caspase-3 ELISA pair, \[[@b35]\]) and may be typical of inducer-driven apoptosis under *in vitro* conditions. These observations further support the LM-PCR profile over the *in vitro* time course presented here as genuine rather than a limitation of LM-PCR itself.

Clinical sample genomic DNA rarely exhibits visible *non*-amplified fragmentation when electrophoresed. Therefore we were particularly interested to generate subtle shifts in apoptosis levels to the point where apoptosis was increasing yet non-amplified fragmentation was still not visible at the end of the time course, covering a typical *in vivo* range. To this end the 0- to 5-hr time courses with 0.1 and 0.5 μM staurosporine were successful. Over this clinically relevant range of levels LM-PCR was found to be particularly sensitive, supporting its use in the clinical setting. That apoptotic shifts at the low end of the spectrum is relevant to pathology is made clear when considering that for some tissues only 3% of total tissue mass need be apoptotic to generate tissue regression \[[@b44]\].

Elevated apoptosis in adipocytes has been associated previously with lipoatrophy and with dNRTI exposure, especially to didanosine and stavudine. Elevated myocyte apoptosis is also considered a possible mechanism in myopathy seen with exposure to another NRTI, zidovudine \[[@b45]\]. The molecular pathways underlying peripheral neuropathy are far less clear; theories explaining axonopathy involve both drug exposure and HIV infection \[[@b21]\]. To our knowledge our findings here form the first but preliminary report documenting significant elevation of apoptosis in PBMCs in association with dNRTIs and independent of plasma viral load, CD4^+^ T cell count and patient age, further supporting dysregulation of apoptosis as a mechanism of NRTI toxicity. Significant association was also observed between elevated PBMC LM-PCR values and lipoatrophy: patients *on stavudine* have higher PBMC LM-PCR results *if* they have lipoatrophy. This supports the hypothesis that exposure to stavudine and didanosine are elevating apoptosis in a cell type other than adipocytes.

We have designed LM-PCR to quantify apoptosis on small quantities of genomic DNA, showing the assay to be robust, reliable and valid. Our work in the context of clinical and drug toxicity in HIV patients supports the potential utility of this assay for measuring and monitoring apoptosis in contexts other than HIV research in both basic science and clinical investigation.
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